Abstract-Fast charging in transportation application requires high-power (>50 kW) operation. The overall size of wireless charging systems (WCS) must increase to meet the high-power requirement. As a result, high power systems produce more electromagnetic field (EMF) emissions. Although higher operating frequencies (85 kHz) reduce the size of inductors and capacitors, system losses tend to increase. High-power systems are traditionally investigated for 10 kHz to 22 kHz operation to reduce the switching loss in the converter, and conductive and magnetic losses in the power pad. The use of SiC MOSFETs reduces conduction and switching losses in the converter even at higher frequencies. In this paper, a comprehensive loss comparison of 50 kW wireless charging system is conducted for 85 kHz and 22 kHz operation of Si MOSFET and SiC MOSFET converters. Detailed performance indexes are compared analytically as a function of frequency and verified using FEA and PLECS. This comprehensive system level study shows that magnetic losses can be reduced significantly, and that EMF emission can be reduced by 50% by moving from 22 kHz to 85 kHz. Moreover, the system requires 50% less copper and allows a significant reduction in the size of the primary and secondary filter capacitor at 85 kHz. The results show that the system efficiency at 85 kHz can be increased by 21% compared to 22 kHz operation by using a SiC MOSFET converter.
INTRODUCTION
IRELESS charging systems (WCS) have become a potential alternative for charging at home and on the road. This technology has been investigated widely in last three decades for systems ranging from 3kW to 10kW and has shown significant efficiency and performance improvements while operating safely and reliably [1] [2] [3] . The technology is on the verge of commercialization and the Society of Automotive Engineers (SAE) has already published standard system configuration recommendation for systems up to 11kW with greater than 90%. Although light duty (LD) applications have achieved significant technological maturity, heavy duty (HD) charging systems (>20kW) are still being developed and optimized for size, geometry, coil configuration, and frequency range.
Additionally, HD systems also lack guidelines stemming from comprehensive analysis [2] . In this paper, a HD WCS is investigated using analytical methods focusing on the choice of operating frequency and the effect of traditional Si switches versus SiC switches on system performance at those frequencies.
The system components of an EV WCS are shown in Fig.1 . High-power designs require more amp-turns in the transmission (Tx) and receiving (Rx) coils, increasing conduction losses [4] [5] . High-power systems also require physically larger inductors and capacitors when the system is designed for lower frequencies such as 22 kHz. The size of the inductors and capacitors can be reduced when the system operates at higher frequencies such as 85 kHz. However, the switching losses of converters with traditional Silicon MOSFETs increas significantly at 85 kHz. These losses limit the choice of switching circuit and magnetic pad components due to switching frequency and power handling limitations. Low power (e.g., 3 .7kW, 7.7kW and 11.0kW) systems have been standardized to operate at 85 kHz [6] . However, high power systems do not have such standardization to date [7] .
With the introduction of wide bandgap materials such as Silicon Carbide (SiC) in power semiconductor, overall switching losses can be reduced at high frequency and in high power applications. In addition to lower switching energy loss, SiC MOSFETs have 27% lower R DS,ON compared to similar Si MOSFETs [8, 9] . For this reason, SiC MOSFETs based converters have lower losses than Si MOSFETs based ones. Lower converter losses raise the following questions: Can system-level losses of WCS at 85 kHz be reduced? If so, what system levels design opportunities and trade-offs exist for this operating frequency?
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where Ploss is the total loss of the WCS, Pswitching is the switching loss of MOSFET and diode in the converter, Pconduction is the conduction loss of MOSFET and diode in the converter, Pcoil is the conduction loss of primary and secondary coils, Pshield is the eddy current loss in the shield, and Pcore is the loss in the magnetic core. Pswitching depends on the operating frequency and constituent material of the semiconductor switches. Pconduction depends on the intrinsic material property of the switch. Pcoil, Pshield, and Pcore show a nonlinear relationship with the operating frequency due to the skin effect in conductors and hysteresis phenomena in ferrites. Pcore also shows a nonlinear relation with flux density. The frequency dependence of the coil can be reduced using Litz wire. Throughout this paper, operating frequency and switching frequency will be used interchangeably. Detailed loss characteristics of these groups are analyzed in the following sub-sections:
A. Performance and Loss Characterisitics of Magnetic Pad
The total power transferred from the transmitter to the receiver coil is expressed as follows:
where Itx and Irx are the transmitter and receiver coil currents, f is the operating frequency, Ltx and Lrx are the pad self-inductances, M is the mutual inductance, and k is the coupling coefficient. Equation (1) can be further elaborated as follows:
where L tx and L rx are the average inductance-per-turn of the transmitter and receiver coil, respectively. For a series-series compensated system, the transmitter and receiver currents can be defined as follows [15] : where CfN is a constant determined from (3) which is defined as follows:
This constraint relating the frequency to the number of turns makes it possible to perform a comprehensive analysis of the coil losses, core losses, and shield losses with respect to the operating frequency. For the simplicity of the analysis, the transmitter and the receiver are assumed to be matched coil with Ntx=Nrx=Nf and L tx L rx L coil . From (5), the relation between the required number of turns at two different frequencies for a matched transmitter and receiver is as follows: 
where Nf1 and Nf2 are the required number of turns at f1 and f2. For f1=22 kHz and f2=85 kHz, the relation is as follows: 
The number of turns required for 85 kHz is about half that of 22 kHz. The two different frequencies also require litz wire utilizing two different AWG strands. The magnetic materials of the charging pads, the number of turns, and the selection of switches in the converters are important for efficient operation at each of these frequencies. To observe the loss dependence on frequency, the most suitable components are chosen from a system level analysis. The quantitative data for the component set are given in Table I .
B. Magnetic Losses in WCS
As shown in Fig. 3 , the charging pad has three main components: the coil, the core, and the shield. Losses in each of these components depend on the volume and electrical properties of the materials used, the number of turns in the coil, and the operating frequency. As the number of turns depends on f, the magnitude of the losses also significantly depends on f. The coil turn-number, Nf, is designed for a particular frequency and the resulting losses are investigated.
1)
Comparison of Coil Losses The coil losses depend on the ac resistance of the coil, Rcoil , and current through it, 2 coil coil coil
The coil resistance can be expressed in terms of number of turns as ĉ
where R coil is the average per-turn resistance of the coil which is dependent on frequency. Since the coil currents remain the same at two different frequencies, the coil losses are related as follows:
Litz wire with suitable strand sizes must be selected for f1 and f2 to mitigate the skin effect. Additionally, the bundle size (total equivalent AWG size) of the litz wire must be the same to meet the current requirements. Therefore, the ratio of R coil-f 1 to R coil-f 2 should be approximately 1. For example, a strand size of 34 AWG is used at 22 kHz and 38 AWG is used at 85 kHz. For the same current capacity litz wire, the ratio of resistance perunit-length is 64.8/65.3≈1. Therefore, substituting (6) into (9), the ratio of the coil losses at 22 kHz and 85 kHz is estimated as follows: 
Based on (10), the required coil length and consequent coil resistance can be reduced by approximately 50% for at 85 kHz system compared to a 22 kHz operation.
2) Comparison of Core Losses
The core loss at any point in the core can be estimated using Steinmetz equation as follows:
where, Kh, α, and β are constants, and B is the flux density in the core. As B is proportional to NI, the ratio of Pcore is written at two different frequencies as follows:
Equations (12) and (13) show that, although the frequency dependent core loss in Steinmetz equation increases at higher frequency, the reduced number of turn and consequent reduced flux density in the core compensates that effect. Equation (13) can be further simplified using (6) as follows:
Typically, α varies between 1 and 1.5 and β varies between 2 and 2.7. Parameters for two different ferrite materials are shown in Table II [13, 14] . Depending on the Steinmetz coefficients, the core losses can be reduced by 10% to 25% in an 85 kHz system compared to a 22 kHz system. For example, in FDK6H40 the core losses increase by 4% at 85 kHz, while in Ferroxcube-C95, they decrease by 21%.
3)
Comparison of the Shield Losses Compared to the conductor losses, the shield loss characteristic shows a different relationship with frequency. As the shield acts as a single loop inductor [9] , the shield losses are determined by the total ampere-turns in the coil and the equivalent shield resistance as follows: 
where Ishield is the shield current and Rshield is the equivalent shield resistance. Rshield depends on the skin depth of the conductor material. The skin depth at frequency f is as follows:
where ρ is the resistivity of the material and μ is the permeability of the material. As ρ and μ are constant, the relationship between frequency and equivalent shield resistance is as follows:
Ishield depends on the EMF induced in the shield and the equivalent impedance of the shield current path. The shield behaves as an inductor with series resistance Rshield. The shield current can be given as 
where Mshield-coil is the mutual inductance between the main coil and shield plate. As the shield is effectively a single-loop-inductor with constant shield inductance Lshield, Mshield-coil is as follows: ŝ
from (18) and (19), the relationship between the shield current and operating frequency is given as follows:
The ratio of the shield loss for f1 and f2 is as follows:
Using (6), (20), and (21), this relation can be simplified as follows:
which indicates that, like the coil loss, the shield loss can be reduced by 50% when moving from 22 kHz to 85 kHz operation.
4) Comparison of Emissions Characteristics
According to the proposed SAE standard J2954 on wireless charging, the electromagnetic fields (EMF) must be limited both inside and outside the vehicle. The maximum magnetic field in publicly accessible area should be lower than 27 μTrms for frequencies in the 3kHz to 100 kHz range. At 50 kW, the system will emit more EMF and shielding becomes more challenging. The EMF depends on the primary and secondary ampere-turns and their phase difference. At resonance, the phase difference between the primary and secondary coil currents is 90 degrees. The leakage magnetic field at any point varies as follows:
Therefore, at two different frequencies, considering the respective number of turns in each coil, the leakage flux is as follows:
Equation (24) indicates that, compared to a 22 kHz system, the EMF emission are reduced to half in an 85 kHz system. FEA analysis-based comparison of different magnetic losses and EMF emission for the 85 kHz and 22 kHz systems for 50 kW power transfer are given in Table IV . Its shows that, Aluminum shield compared to the 22 kHz system, in 85 kHz system the coil and the shield losses are reduced by 50%, and the core loss for Feroxxcube-C95 core has been reduced by 24%, the total copper required in the coil has been reduced by 50%. More importantly, magnetic flux leakage for 22kHz system is 44.2 μT, which exceeds the ICNIRP limit of 27 μT at publicly exposed area. This leakage flux in the 85 kHz system has been reduced by 50% and under the limit of ICNIRP.
C. Inverter and Rectifier Losses in WCS
The circuit diagram of a WCS is shown in Fig. 5 . The inverter and rectifier are important components in the WCS. The inverter converts DC into AC on the transmitter side while the rectifier converts AC to DC on the receiver side. The main components are MOSFETs in the inverter and diodes in rectifier. Understanding the individual loss mechanism in MOSFETs and diodes provides better insight about loss estimation for these two converter systems. 
1)
Analytical Loss Modeling of MOSFET Power semiconductor switching losses are crucial for converter design as they are the dominant factor in efficient thermal management of the system. The operating frequency of the converter is limited by losses in the switches. Losses in a MOSFET are categorized as conduction losses, switching losses, and leakage losses [10] [11] [12] . Leakage losses are negligible compared to conduction losses and switching losses.
The existence of non-zero on-state drain-source voltage (VDS,ON) results in conduction losses. This on-voltage is approximated by the product of an on-state resistance (RDS,ON) and drain current (ID). RDS,ON is defined as the ratio of on-voltage and ondrain current. The average conduction loss over a period is as follows:
where Pc-MOS is the MOSFET conduction loss and IDrms is the root mean square drain current. These conduction losses do not depend on frequency. This loss component is expected to be the same at 22 kHz and 85 kHz. It is dependent on the constituent material of the MOSFET. As SiC has lower RDS,ON compared to Si, the conduction loss of SiC MOSFETs are lower. RDS,ON is temperature dependent and assumed constant at steady state.
In an ideal MOSFET, the transition of VDS and ID are instantaneous and results in no switching loss. However, the actual voltage and current transitions take finite time and results in significant switching losses in real MOSFETs as shown in Fig.6 . The switching loss has two components; turn-on and turn-off loss. The magnitude of these losses are related to the rise and fall time of VDS and ID. The turn-on energy loss of MOSFET is as follows:
where, Eon-MOS is the MOSFET on energy, VDD is the voltage of the DC source, tri is the rise time of ID, tfu is the fall time of VDS, and Qrr is the reverse recovery charge of the free-wheeling diode. The turn-off loss does not have a reverse recovery phenomenon and is calculated as follows:
where tfi is the fall time of ID and tru is the rise time of VDS. The switching losses of the MOSFET are calculated as follows:
where Psw-MOS is the MOSFET switching losses and f is the switching frequency of system. The aforementioned rise and fall times depend on RDS,ON, gate resistance (Rg), and gate to drain capacitance of the MOSFET. These parameters are different for Si and SiC MOSEFTs, resulting in different switching losses. For a MOSFET, Eon and Eoff remain constant for a given operating condition. The relation between switching losses and operating frequency is as follows:
When the operating frequency increases from 22 kHz to 85 kHz, the switching loss is expected to increase four times. (30) where IFav is the average diode current, IFrms is the RMS diode current and RD is the on resistance of the diode. The diode conduction loss is frequency-independent and the same at 22 kHz and 85 kHz. Like MOSFETs, the diode switching losses also have two components; turn-on and turn-off loss. As turn-off losses in the diode are neglected, the switching losses are estimated as follows:
2) Analytical Loss Modeling of Diodes
where VDrr is the reverse recovery voltage of diode. The reverse recovery charge of the MOSFET is very low for SiC schottky diodes. For this reason, the switching losses in the diodes are negligible.
The total losses in the WCS converts is the sum of conduction and switching losses in four MOSFETs, their antiparallel diodes in the inverter, and four rectifier diodes.
III. SIMULATION AND COMPARISON
A detailed PLECS based simulation was conducted for a 50 kW, 650 V system. The system parameters are given in Table V . The system is simulated in both the phase-shifted full bridge (PSFB) zero-voltage switching (ZVS) condition and the hardswitching condition. The system is operated slightly inductive rather than resistive under PFSB-ZVS condition. This adjustment is made to achieve ZVS. The advantage of ZVS is to reduce the turn-on losses in the MOSFETs. The switching frequencies are 22.5 kHz and 88.5 kHz respectively for both the Si and SiC MOSFET based systems. Losses in the inverter and rectifier under these conditions are in given in Table VI and Table VII. With hard switching at 22 kHz, the total efficiency of the system is 99.03% for Si MOSFETs and 99.41% SiC MOSFETs. The efficiency drops to 98.57% and 99.22% respectively at 85 kHz due to an increase in switching losses. The switching losses in the Si and SiC based systems increases almost four times when the operating frequency changes from 22 kHz to 85 kHz as predicted by (29). However, the conduction losses remain almost constant when frequency is changed from 22 kHz to 85 kHz. When the Si MOSFETs are replaced by SiC MOSFETs, the conduction losses in the system is reduced by almost 75%. The improved efficiency of the SiC MOSFET converter under FBPS-ZVS is due to significantly lower conduction losses. The efficiency of the system increases 1.25% when SiC MOSFETs are used.
IV. CONCLUSION
In this paper, a 50 kW wireless charging system for EV charging applications operating at 22kHz and 85kHz was investigated for Si and SiC MOSFET based converters. The system and its components are optimally designed for the two target frequencies and consequent losses are evaluated analytically, through FEA, and circuit analysis. The results show that, contrary to common perception, the overall magnetic losses decrease significantly at 85 kHz for charging pads of fixed size. Using SiC switches, it is shown that the switching losses decrease by 28% compared to Si MOSFETs during hard switching. Therefore, the SiC MOSFET and diode losses at 85 kHz increases by 465W compared to 565 W in the Si MOSFET system. In total, the losses in the 85 kHz wireless charging system reduces by 21% compared to the 22 kHz system. 
